In re cent years, due to the ur gent de mands of bioactive ma te ri als, silk-based ma te ri als have at tracted more at ten tion from many bio med i cal fields, such as tis sue en gi neer ing [1], would dress ing [2] and drug re lease sys tems [3] , for their ex cel lent prop er ties.
In tro duc tion
In re cent years, due to the ur gent de mands of bioactive ma te ri als, silk-based ma te ri als have at tracted more at ten tion from many bio med i cal fields, such as tis sue en gi neer ing [1] , would dress ing [2] and drug re lease sys tems [3] , for their ex cel lent prop er ties.
Silk con sists of two pro teins, sericin pro tein and fibroin pro tein. For the pre vi ous mentioned ap pli ca tions, silk is nor mally degummed to ex tract sericin pro tein. Con sid er ing the cost and the ef fi ciency of the pro cess, silk is gen er ally degummed with so dium salts, so dium car bonate (Na 2 CO 3 ) in many cases, in boil ing wa ter. As an ef fec tive dis so lu tion sys tem of silk fibroin (SF), salt-acid sys tem has been proved a fac ile step to dis solve SF in the past two years. For instance, SF films pre pared from for mic acid-hydroxyapatite degumming sys tem were found had higher break ing strength and ex ten sion at break [4] ; the SF so lu tions from for mic acid/CaCl 2 showed good electrospinn abil ity and the re gen er ated nanofibres ex hib ited high me chan i cal prop er ties [5] . It has been found that us ing salt-acid dis so lu tion sys tem is ca pa ble of pre serve the na tive silk nanofibrils struc ture [6] . In creas ing ex per i ments show that ac quire ment of nanofibrils is strongly af fected by the degumming pro cess. How ever, degumming pro cess is usu ally ne glected while many re searches have been con ducted for for ma tion of SF prod ucts. As a mat ter of fact, degummed silk is of ten pur chased from dif fer ent sup pli ers for many re searches, with out known in for ma tion about the degumming pro cess, which is in ap pro pri ate for bio med ical ap pli ca tions of silk.
In this pa per, we aim to in ves ti gate the ef fect of dif fer ent Na 2 CO 3 degumming con centra tions on SF mor phol ogy and SF mor phol ogy in lith ium bro mide-for mic acid (LiBr/FA) dis solu tion sys tem. Mean while, to fur ther eval u ate the ef fect of Na 2 CO 3 degumming con cen tra tions on re sul tant electrospun SF nanofibre prop er ties. To ful fill these tasks, three typ i cal weight ra tio of Na 2 CO 3 (0.5 wt.%, 0.05 wt.%, 0.005 wt.%) were pre pared for degumming and LiBr/FA system was used to dis solve the degummed silk. Re sults showed that with vary ing weight ra tio of Na 2 CO 3 , SF ex hib ited dif fer ent mor phol ogy af ter degumming. Un der same dis so lu tion sys tem of LiBr/FA, SF mor phol ogy changed from nanospheres to nanofibrils in three typ i cal so lu tions. Sub se quently, re sul tant SF nanofibres mats showed dif fer ent prop er ties in clud ing sec ond ary struc ture and me chan i cal prop er ties.
Ex per i men tal sec tion

Ma te ri als
Raw B. mori silk was pur chased from Zhejiang Prov ince, China. An hy drous so dium car bon ate, for mic acid (98% v/v) and an hy drous lith ium bro mide were pur chased from Sinopharm Chem i cal Re agent Co., Ltd. (Shang hai, China). All re agents were of an a lyt i cal grade and were used as re ceived with out fur ther treat ment.
Degumming and prep a ra tion of re gen er ated silk fibroin (RSF) so lu tions
The B. mori silk was degummed in boil ing Na 2 CO 3 aque ous so lu tion for 60 min ute, with Na 2 CO 3 con cen tra tion of 0.5 wt.%, 0.05 wt.%, and 0.005 wt.%, re spec tively. The degummed silk was then rinsed thor oughly with deionized wa ter to re move the sericin pro tein. The pro cess re peated three times. The degummed silks are named 0.5%-SF, 0.05%-SF, and 0.005%-SF, re spec tively, with ac cord ing weight loss of 33.2 ± 1.6%, 28.5 ± ±.1.3%, 26.8 ± 0.9%. The weight loss of raw silk af ter degumming was mea sured us ing the fol lowing equa tion: weight loss [%] = (1 -dry mass of degummed silk/dry mass of raw silk) × 100. Five spec i mens of each sam ple were test. The degummed silks were di rectly dis solved in LiBr/FA sys tem at room tem per a ture. Ta ble 1 lists the sam ple codes and their dis so lu tion param e ters.
Prep a ra tion of SF films and electrospun SF nanofibres
The 10 wt.% SF con cen tra tions were pre pared by dis solv ing the three typ i cal re gen erated films in for mic acid (FA) for 3 hours be fore electrospinning. A high elec tric po ten tial of 12 kV was ap plied and the col lect dis tance was 12 cm. A con stant vol ume flow rate of 0.8 ml/h was main tained us ing a sy ringe pump. The re gen er ated SF mats are called 0.5% RSF, 0.05% RSF and 0.005% RSF, re spec tively. The am bi ent rel a tive hu mid ity was 50 ± 2 % and the temper a ture was 25 ± 2 °C. Mea sure ment and char ac ter iza tion The mor phol ogy of degummed silk and electrospun SF nanofibres was ob served us ing a scan ning elec tron mi cro scope (SEM), Hitachi S-4800, To kyo, Ja pan. The di am e ters of nanofibres were cal cu lated by mea sur ing at least 100 fi bers at ran dom us ing Im age J pro gram. Mor phol ogy of SF in so lu tion was ob served by atomic force mi cros copy (AFM), Veeco, Nano scope V. To prepare the sam ples for AFM im ag ing, SF/FA so lu tions of 0.001 wt.% were pre pared. Then 2 mL of the di luted SF/FA so lu tion was dropped onto freshly cleaved mica. Rhe o log i cal stud ies were run on a rhe om e ter (AR2000, TA In stru ments, and Amer ica) with a 40 mm cone plate (Ti, 40/2°). The sec ond ary struc ture of SF nanofibre mats was mea sured by fou rier trans form in fra red (FTIR) spec tros copy on Nicolet5700 (Ther mal Nicolet Com pany, USA). The X-ray dif frac tion (XRD), X Pert Pro MPD, PANalytical, The Neth er lands, was op er ated at 40 kV tube volt ages and 40 mA tube cur rent. The me chan i cal prop er ties of electrospun SF nanofibre mats (10 mm ´ 40 mm) were ob tained us ing a uni ver sal test ing ma chine (model 3365 elec tronic strength tester, Instron, Boston, USA), gauge length: 20 mm; cross-head speed: 0.2 mm/s at 25 ± 0.5 °C, 60 ± 5% rel a tive humid ity. The thick ness of the mats was mea sured us ing a mi crom e ter.
Re sults and dis cus sion
Mor phol ogy of degummed silk at mi cro scale
It can be clearly seen that mor phol ogy of SF var ies if the weight ra tio of Na 2 CO 3 changes, fig. 1 . For raw silk, sericin pro tein en tirely covers the sur face of fi ber so that no SF can be seen. Re sid ual sericin was also ob served for 0.005%-SF since the dose of Na 2 CO 3 was not enough to ex tract sericin com pletely. For 0.05%-SF, sericin nearly dis ap peared, in di cating well re moval of sericin. As the con cen tration of Na 2 CO 3 fur ther in creased (0.5%-SF), sericin com pletely dis ap peared and nanopores were ob served, sug gest ing the ad verse ef fect on SF due to over dose of Na 2 CO 3 . The ob ser vations were con firmed by the weight loss of silk af ter degumming. For 0.5%-SF, a weight loss of 33.2 ± 1.6% was mea sured in di cat ing dam age of SF struc ture.
So lu tion be hav ior of SF so lu tions
The dis so lu tion be hav ior of re gen er ated so lu tions Sig nif i cantly dif fer ent dis so lu tion be hav iors were ob served un der same dis so lu tion sys tem of LiBr/FA, as shown in tab. 1 and fig. 2 . The dis so lu tion times var ied and the color of re gener ated so lu tions were dif fer ent. In fact, 0.5%-SF dis solved rap idly as soon as SF contacted the sol vent as LiBr/FA sol vent dif fuse into SF through nano-pores quickly, sub se quently, SF dis solved com pletely in just a few minutes due to the strong in ter ac tion with sol vent. On the con trary, the dis so lu tion time of 0.05%-SF and 0.005%-SF were about 40 min ute and 300 min ute, re spec tively. The proper dose of Na 2 CO 3 made it pos si ble to dis solve SF un der a mild pro cess (0.05%-SF). The so lu tion color was golden yel low, which is sim i lar to tra di tional method (LiBr aque ous so lu tions and CaCl 2 /C 2 H 5 OH/H 2 O so lu tions) [7] . More time was needed to dis solve 0.005%-SF com pletely as the re sid ual sericin cov ered on the sur face of SF pro tect ing SF from dis solv ing. The light yel low ish-white color of the re gen er ated SF so lu tion in di cated a weak in ter ac tion be tween SF and sol vent. The huge differ ence of dis so lu tion be hav iors sug gests that the weight ra tio of Na 2 CO 3 has sig nif i cant ef fect on degummed SF and re gen er ated so lu tion prop er ties.
Rhe o log i cal be hav ior of re gen er ated so lu tions
To re veal the Na 2 CO 3 degumming con cen tra tions ef fect on the so lu tion prop er ties, rhe olog i cal be hav ior of three typ i cal so lu tions and mor phol ogy of SF in re gen er ated so lu tions were inves ti gated. As shown in fig. 3(a) , the 0.5% so lu tion showed New to nian flu ids with low vis cos ity, but the 0.05% and 0.005% so lu tions with higher vis cos i ties ex hib ited shear-thick en ing be hav ior fol lowed by shear-thin ning, which is sim i lar to nat u ral silk dope [8] . As shown in fig. 3(b) , nanospheres were ob served in 0.5% so lu tion which in di cates that the SF is likely de com posed to macromolecules level dur ing the dis solv ing pro cess. In the 0.05% so lu tion, na tive silk nanofibrils with di am e ter of about 20-40 nm were pre served through the mild pro cess us ing LiBr/FA sol vent, fig. 3(b) . When shear ing at low shear rates, the nanofibrils en tan gled with each other, re sult ing in the in creased vis cos i ties and shear-thick en ing be hav ior. The sub se quent shear-thin ning be havior ob served at high shear rates is likely due to the ori en ta tion of the nanofibrils. In 0.005% solu tion, nanofibrils with di am e ters of about 40-80 nm were ob served, fig. 3(b) . The higher di am e ter strength ened the en tan gle ment and fric tion when shear ing, fa vor ing higher vis cos ity than 0.05% so lu tion, fig. 3(a) . Mean while, re sid ual sericin phys i cally ad hered to the SF nanofibrils, re sulting in larger silk ag gre gates (sericin ag gre gates, SF nanofibrils ag gre gates, sericin-SF nanofibrils ag gre gates). As a re sult, higher vis cos ity was obtained.
Prop er ties of RSF nanofibres mat
Mor phol ogy of as-spun SF nanofibres mat
To fur ther eval u ate the processability of SF so lu tions un der dif fer ent Na 2 CO 3 degumming con cen tra tions, SF nanofibres were fab ri cated by electrospinning from 10 wt.% SF/FA so lu tion. The SEM im ages of the nanofibres are shown in fig. 4 . Beaded and non-uniform SF nanofibres ob tained from the 0.5% so lu tion showed bad spin-abil ity. On the con trary, uni form and smooth SF nanofibres, with RSF nanofibres di am e ter of 232.6 ± 31.1 nm and 423.2 ± 29.4 nm, re spec tively, were ob tained from the 0.05% so lu tion and 0.005% so lu tion, ex hib it ing good spin-abil ity of the two so lutions. The low vis cos ity and New to nian flu ids be hav ior of 0.5% so lu tion means low macromolecule chains en tan gle ments in the solu tion, there fore it ex hib ited poor spin-abil ity and re sulted in beaded SF nanofibres. Compared with the 0.5% so lu tion, the 0.05% so lution and 0.005% so lu tion ex hib ited higher viscos i ties, better spin-abil ity and yielded uni form SF nanofibres and higher di am e ter of SF nanofibres. This study is in ac cor dance with pre vi ous study, which re ported that so lu tion con tain ing self-as sem ble nanofibres shows better spin-abil ity in electrospinning pro cess [9] . The dif fer ent spin-abil ity of these so lu tions sug gested the im por tant role of silk struc ture in electrospinning pro cess.
Sec ond ary struc ture of as-spun SF nanofibres mat
The FTIR and XRD have been used to ex amine the sec ond ary struc ture of silk pro teins. As shown in fig. 5(a) , the ab sorp tion peaks of 0.5% RSF and 0.05% RSF are at around 1536 cm -1 (am ide II), and the 0.005% RSF is at 1523 cm -1 (am ide II), in di cat ing the tran si tion of ran dom coil or he li cal con for ma tion to b-sheet struc ture [10] . This struc tural tran si tion of SF nanofibres was also con firmed by XRD anal y sis, fig. 5(b) . A broad dif frac tion peak at 20.2° in di cates the molec u lar struc ture tran si tion from silk I to silk II [10] . These re sults syn er gis ti cally dem on strate that the Na 2 CO 3 degumming con cen tra tion have ef fect on sec ond ary struc ture of re gen er ated electrospun SF nanofibres mat. The re sid ual sericin may con trib ute to the im prove ment of crystallinity de gree of RSF mat as the 0.005% RSF showed a sharper peak.
Me chan i cal prop er ties of as-spun SF nanofibres mat
Me chan i cal prop er ties of as-spun RSF mats were also in ves ti gated and the re sults are shown in fig. 6 . As ex pected, 0.5% RSF mat showed rel a tively poor me chan i cal prop er ties with a break ing strength and an ex ten sion at break of 2.15 MPa, 4.73%, re spec tively, tab. 2. And 0.05% RSF mat and 0.005% RSF mat showed higher me chan i cal prop er ties of with break ing strength and ex ten sion at break of 6.93 MPa, 32.6%, and 8.63 MPa, 40.0%, re spec tively, tab. 2. The im prove ment me chan i cal prop er ties of the three typ i cal RSF mats might be at trib uted to the in creased crystallinity, fig. 5 . The silk nanofibrils in the so lu tions also play an im por tant role in im prov ing the me chan i cal prop er ties of re gen er ated silk prod ucts [11] . These re sults showed that even with the same dis so lu tion sys tem, dif fer ent Na 2 CO 3 degumming con cen tra tions can lead to re mark ably dif fer ent SF as well as re gen er ated SF so lu tion be hav ior, and sub se quently dra mat i cally dif fer ent spin-abil ity and me chan i cal prop er ties of RSF prod uct.
Con clu sions
The change of SF mor phol ogy from nanospheres to nanofibrils was de ter mined by Na 2 CO 3 con cen tra tion dur ing the degumming pro cess. This study ver i fied three facts: · Na 2 CO 3 weight ratio has great effect on degumming process, · by altering the Na 2 CO 3 degumming concentration, regenerated SF structure can be changed from nanospheres to nanofibrils, and · the Na 2 CO 3 degumming concentration affects the spin-ability of the regenerated SF solution and subsequently, leading to different SF nanofibre mechanical properties. These results will have guiding significance to researchers with respect to silk. 
